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Chapter 1 

   General Introduction 

 

1.1 Apatite-type Lanthanum Silicate and Lanthanum Germanate 

1.1.1 Oxygen-ion Conductivity 

The high oxygen-ion conductivity in oxides having the apatite-type 

crystal structure was first reported by Nakayama et al. in 1995 [1], which 

inspired motivation of a lot of researchers in the field of solid state ionics 

to investigate apatite-type oxygen-ion conductors, RE9.33+0.67x(XO4)6O2+x 

(RE = La, Nd, Sm or Gd ; X = P, Si or Ge). Figure 1.2 shows the reported 

conductivity curves including other promising oxygen-ion conductors. As 

seen in the figure, the apatite-type silicate and germanate show higher 

conductivity than the well-known oxygen-ion conductor, YSZ, especially 

at intermediate temperatures. In addition, the reported apparent activation 

energies corresponding to the slopes of the conductivity curves are in the 

range of 0.6-0.7 eV, lower than those of the YSZ (~ 1.0 eV). This is a great 

advantage for demand of lowering the operating temperature of SOFCs. 

Among the apatite-type oxygen-ion conductors, lanthanum germanate 

and lanthanum silicate, La9.33+0.67x(MO4)6O2+x (M = Ge or Si, 0 Ò x Ò 1), 

have been mainly investigated both experimentally and theoretically due 

to the highest conductivities in this class at intermediate temperatures 

[1-3]. As shown in the Fig. 1.1.1, the conductivities of lanthanum silicate 
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systems show almost linear behaviors with the activation energy of 0.6-0.7 

eV. On the other hand, in lanthanum germanate systems, abrupt change in 

slope of the conductivity curve (from 0.65 eV to 2.07 eV) is observed 

around 700 ºC in La10(GeO4)6O3, while the similar activation energy is 

shown at high temperatures (>700 ºC). This slope change is reported to be 

caused by the symmetry change from hexagonal to triclinic during the 

second-order phase transition, and the high-temperature phase with gentle 

slope is stabilized by cation doping, as seen in the conductivity curve of 

the doped lanthanum germanate, La9.75Sr0.25(GeO4)6O2.5. 
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Figure 1.1.1 The reported oxygen-ion conductivities of lanthanum 

silicate and germanate systems. The conductivity of aother 

well-known oxygen-ion conductor, YSZ is also shown for reference [3].   
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1.1.2 Crystal Structure 

Lanthanum silicate and germanate, La9.33+0.67x(MO4)6O2+x (M = Si or 

Ge, 0 Ò x Ò 1) have common hexagonal apatite-type crystal structures with 

the space group P63/m as the basic crystal structure. Figure 1.1.3 denotes 

the crystal structure of lanthanum silicate and germanate. In the crystal 

structure, crystallographically equivalent two La sites of La1 and La2, one 

M site, and four O sites of O1~O4 exist. The La2 sites are fully occupied, 

while the La1 site has 17 % vacancies (VLa) at the x = 0 to satisfy the 

charge neutrality condition. Three of oxygen ions (O1-O3) form the MO4 

tetrahedra with M ions, and the O4 columns are formed by the remaining 

O4 ions aligned on the c axis at even intervals. When the x composition 

increases, interstitial oxygen ions are gradually introduced in the crystal, 

and the La ion fill in the La vacancies to keep the charge neutrality. At the 

composition of x = 1, an Oint ion are contained per unit cell and the La1 

sites are perfectly filled up. The composition changes of x > 0 are reported 

to drastically enhance the oxygen-ion conductivity [4], which means the 

interstitial oxygen ions have the important role for the fast oxygen-ion 

conduction in both systems. 
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Figure 1.1.2 Crystal structure of lanthanum silicate and germanate. 

 

1.1.3 Oxygen-ion Conduction Mechanism 

As Oint ions are significantly related to the oxygen-ion conduction in 

the lanthanum silicate and germanate showed in the above subsection, a 

number of experimental and theoretical works have been performed to 

clarify the stable Oint sites and their conduction mechanisms. In the 

lanthanum silicate, the stable Oint site is reported to be located at the 

periphery of the O4 column in the neutron powder diffraction 

measurement [5,6], which is also supported by several theoretical analyses 

using empirical interatomic potentials and first-principles calculations 
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[7-10]. From these reported Oint positions in the O4 column, the Oint ions 

are considered to migrate over a long range in the O4 column along the c 

axis as the dominant fast-conduction pathway. This conduction mechanism 

is reported to be a cooperative process with O4 ions, so-called ñpush-pull 

mechanismò in Fig.1.1.3(a), although the calculated potential barrier of ~ 

0.3 eV is lower than reported experimental values [9].On the other hand, 

the different cooperative migration mechanisms between SiO4 tetrahedra, 

ñhand-over mechanismò in Fig.1.1.3(b), are also reported in lanthanum 

silicate with increased the composition x, which is not mentioned the 

potential barriers. 

Similar investigations have also been performed for the lanthanum 

germanate. The Oint ion is reported to be stabilized not In the O4 columns 

but between two neighboring GeO4 tetrahedra out of the columns by both 

experimental and theoretical studies [11-13]. The dominant long-range 

conduction pathway is proposed between the GeO4 tetrahedra along the c 

axis by the interstitial mechanism called ñfan-like mechanismò with the 

potential barrier of ~0.8 eV in Fig.1.1.3(c) [12]. As another different 

dominant cooperative conduction mechanism with several oxygen ions, 

ñSN2-type processesò in the ab plane (Fig.1.1.3(d)) is also reported by 

increasing the composition x, although the potential barrier is not 

evaluated quantitatively [13]. Therefore, the holistic dominant conduction 

mechanism of oxygen ions and the relationships between the compositions 

and conduction mechanisms are not clarified in the lanthanum silicate and 

germanate. 
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Figure 1.1.3 Conduction mechanisms in previous works. 

 

1.2 Outline of This Work 

From the above brief overview, the oxygen-ion behaviors have not 

been clarified yet in the lanthanum silicate and germanate systems, though 

a number of analytical works have been performed so far. In the present 

study, the oxygen-ion conduction mechanisms in the lanthanum silicate 

and germanate have been theoretically re-examined on the basis of 

first-principles calculations, to propose the true picture of oxygen-ion 

conduction behavior in both systems. The outline of the present thesis is as 
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follow. 

At first, computational methods involving the nudged elastic band 

(NEB) method and kinetic Monte Corlo (KMC) simulations used in this 

study and their calculation conditions of each method are showed in 

chapter 2. Next, energetically stable sites for the interstitial oxygen ion in 

both lanthanum germanate, La10(GeO4)6O3, and lanthanum silicate, 

La10(SiO4)6O3, are investigated and discussed the difference of the stable 

sites between both the crystal systems. Based on the obtained results of the 

stable interstitial sites in La10(GeO4)6O3 and La10(SiO4)6O3 in chapter 2, 

the oxygen-ion conduction pathways and mechanisms in both crystals are 

quantitatively evaluated using the NEB methods and KMC simulations 

from the energetic point of view in chapter 4. In chapter 5, the same 

investigations in chapter 4 performed for the La9.33(GeO4)6O2 having 

lanthanum vacancies in order to clarify the effects of the lanthanum 

compositions for the oxygen-ion conduction mechanisms. Finally, the 

brief summary of this study is provided in Chapter 6. 
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Chapter 2 

Computational Methodology 

 

2.1 Interstitial Oxygen-ion Sites 

    Before finding the oxygen-ion conduction mechanisms, low-energy 

interstitial oxygen-ion sites were investigated using the structural 

relaxation based on the first-principles calculations. In order to roughly 

estimate the stable sites of interstitial oxygen-ions, initial interstitial sites 

and crystal structures were determined by the potential energy surface 

(PES) calculated by static lattice simulations used in the General Utility 

Lattice Program (GULP) code [14]. As the short-range and long-range 

interactions between constituent ions, the two-body Buckingham 

potentials and the Coulomb potentials were used during the calculations, 

respectively [9]. The shell model is applied for ionic polarization, where 

an ion is considered to be consisted of the charged shell and shell 

connected by a harmonic spring [15]. After the determinations for the 

several local energy minima sites of the interstitial oxygen ion in the 

constructed PES, structural optimization by first principles calculations 

was performed for them with the convergence condition of residual forces 

< 0.02 eV/Å for all atoms. In this study, projector augmented wave (PAW) 

method using the VASP code applied for all electronic structure 

calculations [16-21]. As valence states in the PAW potentials, the 5s, 5p, 
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6s and 5d orbitals for La, 4s and 4p orbitals for Ge, 3s and 3p orbitals for 

Si, and 2s and 2p orbitals for O were treated. The generalized gradient 

approximation (GGA) was used as the exchange-correlation terms [22]. 

The cutoff energy of expanded electronic wave functions by plane waves 

set to 400 eV. Supercells consisting of 1×1×2 or 1×1×3 unit cells of  

[La9.33+x(GeO4)6O2]
2+

 or [La9.33+x (SiO4)6O2]
 2+

 (x = 0 or 0.67) were used  

as the host lattice with 2×2×1 k-point sampling. The accuracy of each 

calculation cell used two host lattices are confirmed by comparing the 

experimental data as shown in Table 2.1.1, which is in good agreement 

with the error from the experimental data within 1 %.  

 

Table 4.1.1 lattice parameter of lanthanum germanate and silicate. 

Numerals in parentheses represent the experimental values [11, 36] 

 

 

2.2 Oxygen-ion Conduction Pathway and Potential Barrier 

    After determination of the interstitial sites and stable structures in the 

crystals, the conduction pathways and mechanisms connecting interstitial 

sites were investigated using and nudged elastic band (NEB) method. The 

NEB method was used for evaluation of energy profiles for all the possible 
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conduction paths of interstitial oxygen ions [23]. This method can 

quantitatively evaluate minimum energy paths (MEP) and their potential 

energy barriers connecting the initial and final states while the FPMD 

simulations can qualitatively provide possible conduction processes in the 

crystals. In the NEB method, mobile ions arrange at equal distances 

between initial and final states as transition positions and connect each 

neighboring ion by imaginary springs shown like the figure 2.2.1. Next, 

the total force Fi of each ion is calculated by structural optimization 

according to the following equation: 

Ὂ 6ɳὙ 6ɳὙ Ͻήή Ὧ Ὑ Ὑ Ὑ Ὑ Ͻήή           

(2-2-1) 

where V(Ri) is potential surface on the position Ri, qi is unit vector of the 

tangential direction for the mobile direction at position Ri and k is spring 

constant. The perpendicular force of mobile direction is evaluated by first 

and second terms, which means the each ion of transition state is 

restrictedly optimized on the vertical surface of the mobile direction. The 

third term indicates summation of spring forces connecting the 

neighboring ions along the tangential direction for the mobile direction, 

which keep each mobile ion at the equal interval during structural 

optimization. As the initial and final states of interstitial oxygen-ion 

conduction, the stable interstitial oxygen-sites determined in chapter 3 

were used. The each atomic position of transition states were optimized 

with the convergence condition of Fi < 0.05 eV/Å. 
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Figure 2.2.1 Restrain condition of calculation ions in the NEB method. 
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2.3 Oxygen-ion Conductivity 

The KMC simulations were conducted in order to estimate the 

oxygen-ion conductivities in the crystals [24,25]. In this simulation, the 

mobile ions and their interstitial sites set in the crystals based on the 

results of the chapter 3 and 4 at first. Next, the jump events to the next 

neighboring site were performed for mobile ions, which was stochastically 

determined from the mean jump frequency (ɜ) calculated from the 

potential barrier (ȹE) of each conduction pathway by the following 

relations: 

ʉ  ’ᶻÅØÐ ῳὉȾὯὝ,                         (2-3-1) 

where the Boltzmann constant is represented by kB , T is the temperature, 

and the vibrational prefactor is denoted by ɜ* that was set to be 10
13

 THz. 

After repetition of these jump events, the oxygen-ion diffusivities were 

calculated by the definitional following equation: 

Ὀ  = ÌÉÍ O ộὶȟȾςὸỚ,                         (2-3-2) 

Where a direction in the crystal is denoted by xi, and the shift vector and 

times after n-times jump repetitions of xi-component are represented by 

rxi,n and tn, respectively. After the carefully checking the convergence of 

the evaluated diffusivities, the KMC simulation steps, n, were determined 

to 1 × 10
5
 steps. The averaged diffusion coefficients are calculated after 

10,000 times repetitions per a trial in the range of temperature from 500 to 

1500 K. The oxygen-ion conductivities were finally given from the 

calculated diffusivities by the following equations, 
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ὄ = ςὩὈ ȾὯὝ,                               (2-3-3) 

„ = ςὩὅ ὄ ,                                (2-3-4) 

where B, 2e, ů and C is the mobility, the charge of interstitial oxygen ions, 

the oxygen-ion conductivity, and the concentration of interstitial oxygen 

ions, respectively.  
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Chapter 3 

   Interstitial Oxygen-ion sites 

 

3.1 Stable Interstitial Sites and Local Structures in 

La10(GeO4)6O3 

Figure 3.1.1a shows the most stable sites of interstitial oxygen ions 

described on the unit cell structure, which were determined by the 

first-principles calculations. All the crystallographically equivalent 

interstitial oxygen-ion sites are superimposed in the figure according to the 

P63/m symmetry. The interstitial oxygen ions are located at the highly 

symmetric position (0.5, 0.5, 0) in the fractional coordinate, existing six 

equivalent sites per unit cell. As the structurally optimized local structure 

of Fig. 3.1.1b, the interstitial oxygen ion forms a Ge2O9 unit with two 

neighboring GeO4 tetrahedra where the interstitial oxygen ion is located at 

the center between the two GeO4. The distances between two Ge ions and 

the interstitial oxygen ion in the Ge2O9 unit are both 2.09 Å and the other 

eight Ge-O distances are in the range from 1.8 Å to 1.9 Å, which are 

longer than those of GeO4 tetrahedra in the structure of La10(GeO4)6O2 

without an interstitial oxygen ion (1.7 Å to 1.8 Å). Similar local Ge2O9 

unit was also reported in static lattice simulations of La9.33(GeO4)6O2 by 

Kendrick et al [12]. 

Interstitial oxygen-ion sites between neighboring GeO4 tetrahedra 
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were theoretically and experimentally reported by Orera et al. and 

Pramana et al., respectively [11,26]. They performed the static lattice 

calculations based on empirical inter-atomic potentials and the neutron 

powder diffraction measurements. However, the local structures around 

interstitial oxygen ions were expressed as GeO5 hexahedra instead of 

Ge2O9 units in these papers, because the interstitial oxygen ion was 

deviated from the center between the two GeO4 toward one GeO4 unit. 

Pramana et al. reported that the deviation of interstitial oxygen ion site 

from the center is 0.45 Å, which seems not to be coincide with the most 

stable interstitial oxygen-ion sites in this study. However, it was also found 

from our investigations that the interstitial oxygen-ion site is not unique at 

that site and those having similar total energies (less than 0.08 eV 

difference ) are located within a radius of ~ 0.3 Å from the center stable 

site (0.5, 0.5, 0). Moreover, the averaged position of the interstitial oxygen 

ion observed in the FPMD simulations for 90 ps at 1000 K was almost 

(0.5, 0.5, 0) and the spatial distribution of the interstitial oxygen ion during 

the FPMD calculations were also almost centered at the averaged position. 

These results indicate the energetically favorable zone to interstitial 

oxygen ions widely ranges around (0.5, 0.5, 0) between two GeO4 units. 

Therefore, the deviation of the interstitial sites in the previous experiments 

may result from locally low symmetry by impurities and/or point defects. 

In fact, the interstitial oxygen-ion site was reported to be deviated from the 

center position in La8+xBa2-x(GeO4)6O2+0.5x and La8Y2(GeO4)6O3 containing 

Ba and Y dopants by some computational studies [13,26]. The differences 
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in the interstitial oxygen-ion site between our computational studies and 

their experimental can be recognized as the reasonable.  
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Figure 3.1.1 (a) All the interstitial oxygen-ion sites in La10(GeO4)6O3. 

The local structure around an interstitial oxygen ion at (b) (0.5, 0.5, 0) 

with Ge2O9 unit and (c) the asymmetric interstitial site found by 

calculations by using 1×1×3 unit cells. The red and blue balls mean 

the regular and interstitial sites of oxygen-ions, respectively. Numerals 

represent bond lengths (Å) and the numbers in parentheses denote the 

atomic coordinates of oxygen-ions. 
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3.2 Stable Interstitial Sites and Local Structures in La10(SiO4)6O3 

Figure 3.2.1a shows the most stable and metastable sites of interstitial 

oxygen ions. The crystallographically equivalent interstitial oxygen-ion 

sites are shown in the figure by the same colors, according to the P63/m 

symmetry. The interstitial oxygen ions in La10(SiO4)6O3 are located at two 

areas, i.e., the most stable zones and the metastable zones. In the most 

stable zone, equivalent six sites (Oint-1 site: blue balls) with the 

representative position (0.04, 0.04, 0.01) in the fractional coordinate are 

closely located at the periphery of the O4 columns. In the metastable zone, 

on the other hand, two metastable interstitial sites (Oint-2 site: dark gray 

balls, Oint-3 site: light gray balls) are located between two SiO4 tetrahedra, 

whose positions and site energies are (0.46, 0.43, 0.00) with 0.29 eV and 

(0.50, 0.47, -0.02) with 0.49 eV against that of the most stable site, 

respectively. The each positions of the metastable sites are deviated from 

the center position (0.5, 0.5, 0) of two SiO4 tetrahedra to a SiO4 

tetrahedron, forming a SiO5 hexahedra as shown in Fig. 3.2.2b. These two 

stable zones for interstitial oxygen ions in the lanthanum silicate are 

reasonablely consistent with the previously-reported interstitial 

oxygen-ion sites in both experimental and theoretical studies, although the 

reported fractional coordinates are deviated slightly from those in this 

study because of the effects of dopants and/or La vacancies [5,10,27].  

In this study, the interstitial sites in La10(GeO4)6O3 and La10(SiO4)6O3 

indicate the large differences although the apatite-type crystal structures 
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are the same between two crystal. The interstitial oxygen ions in 

La10(GeO4)6O3 are the most stabilized between neighboring two GeO4 

tetrahedra with the local structures of Ge2O9 units. As evaluation of the 

stability around GeO4 tetrahedra, the structural optimization was 

performed for the crystal structure with the interstitial oxygen ion located 

at the O4 column which is the most stable interstitial site in La10(SiO4)6O3, 

however, the interstitial site did not exist by relaxing the interstitial ions 

toward the GeO4 tetrahedra. On the other hand, the interstitial sites in 

La10(SiO4)6O3 are located at both the surround of the O4 column and 

interspace of two SiO4 tetrahedra as the most stable and meta-stable sites, 

respectively. These differences of the interstitial sites between the 

La10(GeO4)6O3 and La10(SiO4)6O3 are considered to result from the gap 

between the bonding strengths of Ge-O and Si-O for the interstitial oxygen 

ion. While Ge ions around the interstitial oxygen ion in La10(GeO4)6O3 are 

comparatively coordinated to multi-O ions like the local structure of 

Ge2O9 unit, Si ions are less coordinated with O ions than that of Ge ion in 

La10(SiO4)6O3, which results in that stability of the interstitial site in the 

O4 column without Si-O bodings exceeds that of the local structures of 

SiO5 hexahedra or Si2O9 units. In fact, comparing the most stable phases 

between GeO2 and SiO2 oxides, SiO2 is stabilized as the quartz structure 

with fourfold coordinated Si ions although the most stable phase of GeO2 

is the rutile structure having sixfold coordinated Ge ions.  
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Figure 3.2.1 (a) Most stable and metastable sites of the interstitial 

oxygen ions in the lanthanum silicate. The blue ball indicates the most 

stable site of Oint-1 site, and the two metastable sites of Oint-2 and 

Oint-3 sites are denoted by the dark and light gray balls, respectively. 

The most stable and metastable zones are described by the Solid and 

dotted circles. The local structure around an Oint-2 ion is shown in (b). 
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Chapter 4 

Conduction Mechanism of Interstitial Oxygen Ions 

 

4.1 La10(GeO4)6O3 

4.1.1 Oxygen-ion Conduction Mechanisms 

From the obtained interstitial stable sites, migration pathways between 

neighboring interstitial sites were subsequently calculated with their 

energy profiles using the NEB method. In the present study, simple 

interstitial conduction mechanism and cooperative migration mechanisms 

by several oxygen ions were considered. The migration paths by the 

interstitial and cooperative interstitialcy mechanisms along the c axis with 

their energy profiles show in Fig. 4.1.1. Figure 4.1.1a show the interstitial 

mechanism, where the interstitial ion moves at the circumference of a 

GeO4 tetrahedron to go directly into the adjacent interstitial site having a 

large 1.27 eV of the potential barrier shown in Fig. 4.1.1c. Fig. 4.1.1b 

show, on the other hand, the cooperative migration involving the two 

oxygen ions at the regular and interstitial sites was considered. In this 

conduction, the interstitial ion goes along the c axis and pushes the other 

oxygen ion at the regular site into the adjacent interstitial site (Fig. 4.1.2). 

Then, it was found that the evaluated potential barrier is 0.64 eV (solid 

line in Fig. 4.1.1c), almost a half in that by the interstitial mechanism. 

Therefore, the dominant long-range conduction pathway of interstitial ions 
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along the c axis is given by the repetition of this cooperative mechanism.  

 

 

Figure 4.1.1 The migration trajectories of oxygen ion along the c axis 

by (a) the simple interstitial and (b) the cooperative mechanisms. The 

yellow and blue spheres mean the trajectories of the migration paths 

and interstitial  sites, respectively. (c) The energy profiles during the 

migrations. The interstitial and the cooperative mechanism are 

described as broken line and solid line, respectively. The numbers of 

the yellow spheres denote the image numbers. 
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Figure 4.1.2 The migration processes along the c axis by the 

interstitialcy  mechanism. The image = 0, 2, 4, 10 in Fig. 3c are 

described (i) ~ (iv), respectively. The mainly mobile oxygen ions are 

represented by light  and dark purple spheres. Oreg and Oint denote the 

oxygen ions at regular and interstitial  sites, respectively. Moving 

directions during the conduction are shown by the arrows. 
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Secondly, oxygen-ion migration in the ab plane was investigated. The 

migration paths in the ab plane connecting the migration pathways along 

the c axis are shown in Fig. 4.1.3. Figure 4.1.3a show the migration 

process by the interstitial conduction mechanism connecting the adjacent 

interstitial sites in the ab plane. The conducting interstitial ion is located 

far from any GeO4 tetrahedra breaking the Ge-O bond during the 

transition state in this process, when the calculated energy relatively 

becomes the highest (2.55 eV in Fig. 4.1.3c). In the cooperative 

conduction process including three oxygen ions at two regular sites and 

one interstitial site as shown in Fig. 4.1.3b, on the other hand, the 

interstitial ion pushes firstly an oxygen ion at a regular site in the same 

Ge2O9 unit toward the adjacent GeO4 tetrahedron. The oxygen ion pushed 

out from the Ge2O9 unit tends to occupy the regular oxygen-ion site of the 

adjacent GeO4 tetrahedron, and the former regular oxygen ion of the GeO4 

tetrahedron instead migrates to the nearest interstitial site. Though this 

cooperative conduction process by three oxygen ions is not simple, the 

potential barrier decreases to 1.17 eV for the inter-channel oxygen-ion 

migrations in the ab plane. However, the potential barrier in the ab plane 

is still higher than that along the c axis. 
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Figure 4.1.3 (a)(b) The conduction pathways of oxygen-ion conduction 

processes between the adjacent interstitial sites in the ab plane by (a) 

the interstitial and (b) the interstitialcy  mechanisms. The evaluated 

energy profiles in the two migration processes are shown in (c). 
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La10(GeO4)6O3 seems to have the significant anisotropic migrations of 

oxygen ion along the c axis according to the above results. In our previous 

FPMD calculations, however, additional migration pathways in the ab 

plane was also observed, shown in Fig. 4.1.4 and 4.1.5. In this conduction 

path, four oxygen ions at one interstitial, two regular sites in GeO4 

tetrahedra, and one O4 ion are cooperatively migrated, which can be 

mentioned as ñmulti- oxygen ion cooperative mechanismò. During the 

migration process, the O4 ion neighboring to the interstitial ion gets out 

from the O4 column to form a GeO5 unit as the first step (Fig. 4.1.5(ii)), 

and Fig. 4.1.5(iii) shows an oxygen ion in a GeO4 tetraheron at the regular 

site subsequently moves into the vacant site at the O4 column. Then, the 

GeO5 unit are simultaneously formed to a Ge2O9 unit with a adjacent GeO4 

unit and the oxygen ion at original interstitial site occupies the regular site 

in GeO4 tetrahedra (Fig. 4.1.5(iv)), finally to complete the conductions 

processes of interstitial oxygen ion. During this complicated migration, a 

metastable state exists when two GeO5 units are temporarily formed as 

shown in Fig. 4.1.5(ii). The potential barrier of this conduction pathway is 

evaluated 0.76 eV, which is much lower potential barrier than the 

interstitial and cooperative mechanisms as shown in Fig. 4.1.3. Therefore, 

ñmulti- oxygen ion cooperative mechanismò via O4 columns are the 

dominant pathways in the ab plane. 
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Figure 4.1.4 (a)(b) The conduction pathways of the migration process 

via the O4 column. The yellow and blue spheres mean the trajectories 

of oxygen ions and the interstitial  sites, respectively. The calculated 

energy profile is shown in (c). Four elementary processes during the 

migrations of (i) ~ (iv) are shown in the figure(c). 
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Figure 4.1.5 The detailed migration process via the O4 column. The 

mainly mobile oxygen ions are denoted by black, gray, orange, and 

purple spheres during the migrations. The snapshots of (ii) is the 

metastable state (image 5) and (iii)  indicates the highest potential 

energy state (image 7). Oreg and Oint denote the oxygen ions at regular 

and interstitial sites, respectively. Moving directions during the 

conduction are shown by the arrows.  



34 

 

4.1.2. Oxygen-ion Diffusivity and Conductivity 

Diffusion simulations of the mobile interstitial oxygen ions were 

performed on the basis of the KMC method to evaluate the oxygen-ion 

conductivity in La10(GeO4)6O3. In this simulation, the cooperative 

migration mechanisms having the low potential barriers below 1 eV were 

taken into account. The oxygen-ion conductivities along the c axis and in 

the ab plane are shown in Fig. 4.1.6. The apparent activation energies 

corresponding to the gradients of slope in the conductivity curve along the 

c axis and in the ab plane are 0.67 eV and 0.75 eV, respectively, which are 

almost correspond to the potential barriers of the long-range conductions 

along the c axis and via the O4 column by the cooperative mechanisms, 

respectively. The averaged conductivity which means the conductivity in 

realistic polycrystals randomly-oriented, is also indicated by broken line in 

the figure with the apparent activation energy of 0.71 eV. 

Although the almost isotropic conductivity are found by ñthe 

multi-oxygen ion cooperative mechanismò in the ab plane, the conduction 

pathways along the c axis remain dominant slightly in the range of this 

temperature, particularly at the low temperature zone. The event rates of 

the migration steps along the c axis and via the O4 column at the 

temperatures of 500, 1000 and 1500 K show in Table 4.1.1. In the 

migration process via the O4 column with a metastable state, four 

elementary steps exist (See Fig. 4.1.4c), i.e., (i) from the initial state to the 

metastable state, (ii) from the metastable state back to the initial state, (iii) 
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from the metastable state to the final state (equivalent to the initial), and 

(iv) the final state to the metastable state. In the figure, the evaluated 

potential barrier heights of each step which are referenced to the potential 

barrier of initial states are additionally indicated. From the figure and table, 

it is found that the difference in the mean frequencies of each step 

evaluated from the potential heights result in the discrepancy between 

event rates of the migration processes. Event rates of the steps (i) and (ii) 

are quite high compared to the other steps, however these two steps are the 

repeating states only between the initial and metastable states, which 

means the high rates of steps (i) and (ii) are not contributing to migrations 

for long range diffusions. Therefore, steps (iii) and (iv) are rate-controlling 

processes in ñthe multi-oxygen ion cooperative mechanismò via the O4 

column, whose event rates should be compared with that of conduction 

along the c axis. Comparing the event rates at 500 K, those of steps (iii) 

and (iv) is lower than that along the c axis by one-order of magnitude, 

which suggests the conductions along the c axis is dominant. The 

discrepancy of mean frequencies between conductions along the c axis and 

via the O4 column decreases with increasing the temperature, which 

results in almost equal event rates and isotropic oxygen-ion conductivity 

around 1500 K. 
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Figure 4.1.6 The calculated oxygen-ion conductivities along the c axis 

(blue line), in the ab plane (purple line) plotted against the inverse 

temperature estimated by the KMC simulations. The averaged 

conductivity is denoted by red broken line. 

 

 

 

 


